Abstract. We conducted a study to clarify the impact of bush fires on the structure of non-breeding flocks of the Red-backed Fairy-wren Malurus melanocephalus cruentatus in the Australian monsoon tropics. Overall, the mean group size was large in the mid dry season, becoming smaller with the progress of season. Large groups occurred at burnt sites, while at unburnt sites group size was smaller owing to a higher proportion of pair-sized groups. Bush fire destroyed habitat and forced resident birds to emigrate. Conversely, unburnt sites were used as a refuge during fires. However, in the non-breeding season, such stable habitats were occupied by stable and small-sized groups and were already saturated. Therefore, individuals that immigrated into these habitats during fires were forced to emigrate again. After a fire, many birds invaded burnt sites from the surrounding area and aggregated in large but unstable flocks that consequently diminished due to the individual separation of young males just before the breeding season. Bush fires resulted in the reorganisation of groups and re-establishment of territory.
Introduction
The climate of the Australian monsoon tropics is characterized by a distinct wet season (November to April), in which approximately 90% of the annual rain falls, followed by an equally long dry season (May to October). In the savannahs that dominate this region, anthropogenic bush fires occur every year, mainly during the dry season. Due to the accumulation of dried grass, fires in the late dry season are particularly intense, burning not only the understorey grasses but also the canopy of tall trees (Dyer et al. 2001) . Fires a#ect avian populations in various ways, such as the destruction of nesting habitats or change of foraging environments. There have been many studies on the e#ects of fire on avian communities (for review, see Woinarski 1999) but few autecological studies examining the ways in which fire a#ects the breeding, life history and behaviour of individual avian species.
The recovery of bird populations after fire depends on the availability of food resources and suitable habitat in the post-fire landscape. For example, raptors and omnivorous species that feed on small vertebrates return soon after fire, whereas the recovery of shrub-living species, such as fairy-wrens, may be delayed until the vegetation recovers (McFarland 1988 , Reilly 1991 , Valentine et al. 2007 . Although local populations of many species have been shown to increase or decrease immediately after fire, the long-term responses to fire are still poorly understood. For example, Valentine et al. (2007) showed that the abundance of the Red-backed Fairy-wren Malurus melanocephalus was more adversely a#ected by dry season fire than any other savannahdwelling bird species, primarily due to loss of ground cover. In temperate southwest Australia, the productivity of Splendid Fairy-wrens M. splendens was depressed after a severe fire, due to high rates of predation and parasitism and inhibition of immigrants from surrounding areas, leading to a shift in the population age structure towards younger and inexperienced birds (Brooker & Rowley 1991 , Brooker 1998 .
The Red-backed Fairy-wren is a small insectivorous bird belonging to the Family Maluridae, and comprises two races: Malurus m. melanocephalus in eastern Australia, and Malurus m. cruentatus in the tropics of the north (Rowley & Russell 1997) . The former breeds during the austral spring and early summer months (October to January), while the latter breeds mainly during the wet season, continuing until April or May (Rowley & Russell 1997 , Noske & Franklin 1999 , Higgins et al. 2001 . Information on the breeding biology of the northern race is limited. Although the peak breeding season occurs from January to February, cloacal protuberance is evident in many bright males and egg-laying occurs in some nests in late November (Y. Takaki unpublished data). It is during the non-breeding season that the tropical savannah su#ers from fires, potentially a#ecting the social organisation of this species.
We studied the impact of fire on group composition and its seasonal change of the Red-backed Fairy-wren living in a tropical savannah. To date, almost all information about the social structure and breeding ecology of this species has been collected from the eastern race (Rowley & Russell 1997) . Whilst the breeding biology of the species has been studied (Karubian 2002 , Chan & Augusteyn 2003 , there have been no studies of its social organisation, such as group composition and stability, during the non-breeding season, when flocks of up to 20 birds have been reported (Chan & Augusteyn 2003) . Limited evidence suggests that groups tend to leave territories and aggregate in large flocks in the non-breeding season and then return to previous territories in subsequent breeding seasons (Rowley & Russell 1997) . Therefore, during the second half of the dry season, nonbreeding flocks may decrease its size due to separation of breeding pairs. Such a seasonal pattern of flock formation and territory defence is di#erent from that of the closely related Splendid Fairy-wren and Superb Fairy-wren M. cyaneus, which maintain a year-round territory (Rowley & Russell 1997) . Fires may influence the seasonal cycle of flock formation of the Red-backed Fairy-wren.
This species is sexually dimorphic in nuptial plumage colour. Females always have brown plumage. Males reach sexual maturity at 1 year old, but have three distinct plumage types. Older males in breeding plumage display a ῌbright' plumage ("bright male"), which is black with a large red patch on the mantle, scapulars and rump (Rowley & Russell 1997 , Karubian 2002 . In general, it takes four years for a male to acquire a full breeding plumage; young males have brown, female-like, plumage even in the breeding season ("dull male"), and 3-year old males with nuptial plumage moult back into a female-like eclipse plumage during the non-breeding season (Karubian 2002 . Nuptial moult proceeds during the second half of the dry season, when moulting males have a brown plumage with black spots ("spotted male"). However, there is great individual variation in the age at which males show bright plumage: some 1-year-old males breed in bright plumage, and others do so in dull plumage . As in other Malurus species, bright males seek extra-pair copulations (EPC), and extra-pair paternity (EPP) is very common in the Red-backed Fairywren (Karubian 2002) .
Although all malurid species are known to breed cooperatively (Rowley & Russell 1997) , the occurrence and sex ratio of helpers vary greatly among species. The Redbacked Fairy-wren is socially monogamous, and cooperative breeding appears to be less frequent than in other members of the genus, but there is considerable interpopulation variation in social organization (Rowley & Russell 1997) . In Darwin, on the Northern Territory coast, both bright and dull males form socially monogamous pairs, and helpers are absent (K. Ueda unpublished data). However, in our study area, less than 100 km inland, breeding of dull males was uncommon, and some dull males became helpers. For example, during the two breeding seasons from 2002 to 2004, among banded individuals, all bright or spotted males (n῍28) were able to breed, whereas all dull males (n῍11) became helpers (Y. Takaki unpublished data). As noted earlier, emigration from flocks may occur as the season progresses. Specifically, our interest is whether the tendency to emigration di#ers among individuals of di#erent social status.
Our main aim is to determine how fire a#ects the structure and composition of non-breeding flocks of the Red-backed Fairy-wren in the Australian monsoon tropics. Fires of di#erent intensities cause di#erent impacts on resident birds. A high-intensity fire destroys both foraging and nesting habitats, forcing resident birds to abandon the territory and delaying the recolonisation for a long period. A less intense fire also ejects resident birds from the territory temporarily, but leaves some patches of grass that provide birds with food and shelter. We therefore compared the impact immediately after the fire and the process of recovery until the early breeding season, in sites of di#erent fire intensity.
Methods

Study area
The research was conducted from August 2006 to early February 2007 in 51 ha of savannah woodland on Coomalie Farm, about 85 km south of Darwin, Northern Territory, Australia (13ῌ02῍S, 131ῌ02῍E). The climate is monsoon tropical with a mean annual rainfall of 1,460 mm (Adelaide River, 25 km south of study area; Bureau of Meteorology, Commonwealth of Australia), with 93% falling during the wet season. Annual mean temperature is 31.9ῌC, the highest monthly mean temperature being 33.2ῌC in November and the lowest being 19.3ῌC in July (Bureau of Meteorology, Commonwealth of Australia). Bush fires occur annually, but vary from low intensity burns a#ecting small patches, to high intensity fires a#ecting large areas.
The study area is a mosaic of Eucalyptus dominated woodlands and grasslands, with a ground cover of tall grasses, dominated by annual and perennial spear grasses, Sarga spp. and Heteropogon contortus, respectively. The area is delimited by paths on the northern and eastern sides, a hill on the western side, and a disused airstrip along the southeastern edge. We divided the study area into three sites aligned in a north-south direction, the southern site being separated from the northern ones by a paved road (Fig.1) . The grassland is desolate in the dry season, but is covered with grasses and weeds during the wet season (Fig. 2a) . Eucalyptus trees are scattered throughout the grassland.
In August 2006, a major bush fire burnt out much of the habitat of Red-backed Fairy-wrens in the study area. The southernmost site (14 ha) remained unburnt and was densely covered by tall grasses (named as "Unburnt site (UBS)", Fig. 1 and Fig. 2d ). In In the western part (10 ha) of IBS, scattered eucalyptus trees retained their foliage, although the undergrowth was burnt out. In the eastern part (11 ha) of this site, the vegetation did not start recovering until December and no birds were seen in this section from August through November. We therefore restricted our survey mainly to the western part of this site during this period and extended the searching area to 21 ha in December. In January and February, the vegetation recovered to its pre-fire state. In the northernmost site (16 ha), the fire burnt patchily, leaving patches of tall grasses ("Patchily burnt site (PBS)"; Fig. 1 and Fig. 2d ). Although we have no quantitative data of pre-fire habitat quality, these three sites had a similar landscape except for the western part of IBS (Fig. 2 ).
Capturing and Banding
This study is a part of a long-term study on the cooperative breeding of this species conducted by Y. Takaki since 2002, during when birds were banded.
In September, we mist-netted and banded birds, in parallel with conducting censuses. Birds were banded with an individually unique combination of plastic colour rings, and measured. We also recorded the plumage and moulting patterns. We collected a small amount of blood (10ῌ15 ml) for molecular sex determination using Ellegren's (1996) method. We also captured birds in other months for the purpose of banding new individuals.
Census
Regular censuses were conducted from 6 : 30 to 10 : 00 during the study period. We allocated at least one census per site per week; 4ῌ16 days per site per month. An observer walked around at random at a site and searched for birds. One observer primarily conducted most of the censuses in each month, while two or three observers covered separate sites simultaneously or in one site in some days. Di#erent individuals played the role of the primary observer in di#erent months.
During each census, we recorded time of sighting, identity of birds, plumage colour and group size, and plotted the location on a map with the aid of GPS (eTrex Vista, Garmin Ltd.). In this study, we defined a "group" as an aggregation comprising one or more individuals su$ciently apart from other individuals. Members in the same group were categorised as individuals mutually closer than 10 m and showing no sign of agonistic behaviour. The combination of colour rings was determined with 8-x binoculars or a 20ῌ 60x telescope.
Data of group composition are shown in Appendix 1. Usually, individuals in the same group moved together and group membership was readily apparent, although a few individuals were seen away from the group for a short time. When an individual was seen away from the group on two consecutive census dates or more, we considered it to have left the group and joined a new group. In the case of group fission, we gave a new group a name if the original group largely shifted the location of its territory from its previous one.
The fire destroyed the habitat and forced the resident birds to abandon the territory for a period. In order to clarify whether the fire influenced the social organization of the Red-Backed Fairy-wren as seen in the Splendid Fairy-wren (Brooker & Rowley 1991 , Brooker 1998 , we compared the bright/spotted male ratio among sites. Bright/spotted male ratio was calculated as the proportion of bright males or that of bright males plus spotted males to total number of individuals sighted in each census in each site.
Dominant male fairy-wrens seek extra-pair copulations or extra-group copulations (Mulder et al. 1994 , Dunn et al. 1995 , Karubian 2002 . In order to examine whether bright males and spotted males tended to be apart from their group mates, we compared the sighting rate between bright/spotted males and dull males, based on the sighting records of banded individuals. For individual banded birds, we summed the number of days in which an individual was observed, and calculated the sighting rate against a total census days for each month. When comparing the sighting rate between di#erent categories of males, we combined data for males of the same category.
Statistical analysis
Because capture and banding of birds took place mainly in September, census data in this month were not used in the following analyses, except for the distribution of territories. We used non-parametric tests (Fisher's exact probability test, Mann-Whitney U-test and Kruskal-Wallis test) for comparisons among di#erent sites or categories of individuals. In multiple comparisons, we adjusted probability values by the sequential Bonferroni method. For analyzing the e#ects of site and season on the ratios of bright males and bright males plus spotted males, we used generalized linear models (GLM) with binomial error distribution. Both explanatory variables for site and season (ῌmonth) were ordinal; site: IBSῌ1, PBSῌ2, UBSῌ3 from sparse to dense in vegetation density just after the fire, and season: from one to four for October, November, December and January/February, respectively. Wald test was used for a significance test. For statistical calculation, we used R ver. 2.9.0 (R Development Core Team 2009). Means are shown with SE, except as otherwise stated.
Results
Immediate influences of fire
An intense bush fire took place in mid-August 2006 and burnt out about one half of the study area. This severe disturbance caused dramatic changes in the distribution of territories of the fairy-wrens (Fig. 3) . Most of the vegetation was incinerated in IBS, and only two groups remained in the eucalyptus grove in the western part. Eighteen (six in UBS, one in PBS and eleven in IBS) of 40 banded birds whose territories were known before February 2006 were sighted in the study area after the fire. Of these 18 banded birds, nine remained in or near the previous territories after the fire: six in UBS, one in PBS and two in IBS. Because most parts of PBS were not included in the previous study before the fire, only a few birds had been banded there. Although the nine other birds stayed in the study area, they abandoned the territory. All these emigrants were from the eastern part of IBS where the vegetation was burnt out: six birds moved to UBS, one to PBS and two to the eucalyptus grove in the western part of IBS. In a comparison of movement between IBS and UBS, a higher proportion of residents emigrated from IBS than from UBS. After the fire, seven birds emigrated from IBS to other sites in the study area and four remained, while all six birds remained in UBS and no birds emigrated; Pῌ 0.035, Fisher's exact probability test. Eventually, however, all evacuees but one disappeared from the study area.
Until early December, the number of groups was quite stable, but thereafter increased, in PBS and IBS (Fig. 4) . The maximum number of groups per ha was largest in UBS until November but then decreased, and vice versa in both burnt sites (Fig. 4) . In IBS, there were one or two groups sighted in October and November, but the number of groups increased thereafter due to immigration from unburnt and patchily burnt sites.
Group size
The mean size of groups encountered in each census declined with the progress of the season in all sites (Fig. 5) . This tendency was due to the increase of the proportion of pair-wise groups. From October to January/February, for example, the proportion of pair-wise groups increased as follows: 0.36 vs. 0.50 in UBS, 0.12 vs. 0.64 in PBS, and 0.20 vs. 0.63 in IBS, respectively. In the breeding season (January/February), many groups were seen as a pair (see Appendix 1). The mean group size in UBS was significantly lower than those in other two sites in both October ( Hῌ10.581, Pῌ0.005, Kruskal-Wallis test for an overall tendency; UBS-IBS and UBS-PBS, P῍0.05 for both, Mann-Whitney U-test with the sequential Bonferroni correction for the pair-wise comparisons) and November (Hῌ9.604, Pῌ 0.008; UBS-IBS, P῍0.01, and marginally significant for UBS-PBS, Pῌ0.08), but variation in group size thereafter was not significant (Hῌ4.457, Pῌ0.108 for December and Hῌ4.023, Pῌ0.134 for January/February, respectively; Fig. 5 ).
Proportion of bright males
The proportion of bright males sighted in a census day was low in all sites during October through November and increased rapidly thereafter, but there were no significant di#erences among the three sites (month: P῍0.0001, sites: Pῌ0.260, GLM; Fig. 6a ). The same trend was observed in the proportion of bright males and spotted males (month: P ῍0.0001, sites: Pῌ0.449, GLM; Fig. 6b ).
Of 41 males captured between September and November, twelve (29%) were bright or spotted and 29 (71%) were dull males. However, between December and February the proportion of bright or spotted males increased; among 29 males captured 18 (ῌ62%) were bright or spotted males and 11 were dull males (ῌ38%). Among males captured after December, newly captured males comprised 13 (ῌ72%) bright or spotted males and five dull males (ῌ28%), and recaptured males comprised five (ῌ45%) bright or spotted males and six dull males (ῌ55%). These data suggest the immigration of bright or spotted males and emigration of dull males. In comparison, of 19 banded dull males sighted in October and November and which remaining until January or February, seven (37%) moulted into bright plumage. Thus, most of the increase of bright or spotted males among recaptured birds is attributable to dull males moulting into nuptial plumage.
Seasonal change in the group composition
In October, large groups were sighted both in IBS (Group 11) and PBS (Group 9 and Group 6). Group 11 comprised two bright males, four dull males and two females. This group had a stable membership until November, but was reduced in December. Group 9 comprised a maximum ten birds in October. However, the membership was not stable, repeatedly fusing and splitting from Groups 1 and 3 during October and November, and finally collapsing in December (see Appendix 1). Group 6, comprising seven individuals in October, decreased group size in December. In general, during the period between October and December, group memberships were less stable, and the number of group members fluctuated more in burnt sites than in the unburnt site.
Dull males tended to emigrate more than bright males and spotted males. While about a half of banded bright or spotted males remained in the study area until the end of January, 77% of banded dull males and 60% of banded females emigrated (Table 1 ). The proportion of emigrated individuals was higher in dull males than bright or spotted males (marginally significant, Pῌ0.060, Fisher's exact probability test). The trend in females ῌ: BRT/SPTῌbright or spotted males. "Disappeared"ῌemigrated from the study area, "Moved"ῌmoved to other territories in the study area, "Independent"ῌestablished a new territory in the study area, "Remained"ῌremained at the territory where the individuals were captured.
was intermediate. Finally, the proportion of males establishing a new territory was small in both categories (Table 1) . The sighting rate of banded individuals was significantly lower in bright or spotted males than in dull males only in November (Table 2 ). In January/February, the trend was reversed, but the di#erence was not significant ( Pῌ0.072, Fisher's exact probability test).
In January, the ratios of groups comprising bright or spotted males to groups without them were 6 : 1, 11 : 5, and 8 : 1 for IBS, PBS, and UBS, respectively, no significant di#erences among sites, Pῌ0.538, Fisher's exact probability test.
Discussion
Immediate influences of the fire
Fires occurring in the mid dry season tend to be intense, scorching even the foliage of tall trees, while those occurring in the late wet season or early dry season are less intense and leave patches of unburnt vegetation (Woinarski 1999) . High-intensity fires may cause extensive and lingering changes to populations of some bird species, while low-intensity fires result in temporary disturbance only. In this study, the situation in PBS resembled that caused by a low-intensity fire.
The Red-backed Fairy-wren both forages and nests among tall grasses or low shrubs (Rowley & Russell 1997) . Groups with territories in burnt sites were forced to abandon their territories for a period after a fire. In IBS, although there were no shelters from predators for a long time after the fire, foods were available when new leaves of trees and grasses sprouted about one month after the fire. Birds were seen foraging only among the sparse trees and no birds were seen in the burnt grassland until the vegetation recovered (personal observation). However, fairy-wrens were unable to maintain a territory after the incineration of vegetation caused by the intense fire. None of the pre-fire groups that had established a territory returned after the fire. In a population of Splendid Fairy-wrens in southwest Australia, a high-intensity fire destroyed a territory that had been maintained for 21 years and the group members did not return after the fire (Brooker 1998) .
Red-backed Fairy-wrens maintain lifelong monogamous pairs, which hold permanent territories (Rowley & Russell 1997 , Karubian 2002 . Hence, a stable habitat should be saturated with many territories. In our study area, because UBS had not been burnt for at least four years prior to the August 2006 fire (personal observation), the habitat was presumably saturated with territories of existing groups. Six wrens immigrated to this site just after the fire, but disappeared after a brief stopover, probably due to habitat saturation. Unburnt areas, therefore, acted as a refuge area for birds evacuating from the fire, but their stay was short-lived, probably due to the interference by existing groups.
Fire impacts on the group composition In the burnt areas, particularly PBS, large groups of unstable membership were formed. Also in IBS, a large flock invaded and foraged among scattered trees about one month after the fire. The fire swept away the residents, so that a vacant habitat became available. Suitable habitat was available in PBS after the fire, where many birds foraged and rested in the canopy of eucalyptus trees or scattered patches of vegetation. Although we have no pre-fire data for PBS, the fire may have forced some groups to abandon the territory there, too. Nevertheless, many birds were seen there in large flocks after the fire. In both IBS and PBS, these large groups contracted in size to a pair or trio by January. Thus, the fire resulted in the reorganisation of groups and re-establishment of territory. Brooker (1998) suggested that the post-fire decline in productivity of Splendid Fairy-wrens in southwestern Australia was due to an increase in the number of young and inexperienced breeding pairs. We have no breeding data in the current breeding season. However, we found no significant di#erences in the ratios of pairs comprising bright or spotted males among sites, which suggests that the higher rate of young males' involvements in subsequent breeding attempts leading to productivity declines did not occur in burnt sites.
This species forms large flocks in the non-breeding season (Rowley & Russell 1997 , Chan & Augusteyn 2003 . Aggregating in a large non-breeding flock may be adaptive to exploit patchily distributed food resources in winter (Krebs & Davies 1981) . In burnt sites, trees and shrubs where wrens foraged were patchily distributed, while the unburnt site was covered by continuous shrubs. The mean group size was smallest in UBS, where the proportion of pair-wise groups was greater than in burnt sites during October and November. In unburnt areas where the quality of habitat is favourable, wrens may keep a territory and retain a small group size even during the non-breeding season. A fire may cause a serious disturbance in the stability of social organisation.
Seasonal changes in the group composition
Fairy-wrens breed as a monogamous pair and a few breeding pairs have helpers (Rowley & Russell 1997 , Karubian 2002 , Takaki personal observation). Hence, a seasonal decline in the group size usually occurs in the pre-breeding period. At all sites, the group size declined with the progress of the season, and by January, most groups comprised two birds, presumably a breeding pair (see Appendix 1). The reduction in group size occurred through the gradual emigration of dull males. Only a small number of individuals moved to other territories within the study area. It is unknown where these dull males emigrated to. In the study year, a large area surrounding the study area was also extensively burnt. When the vegetation recovered, many wrens may have invaded to PBS where the residents were expelled by the fire and had dispersed to the surrounding area.
The proportion of bright males sighted in a census day increased after December. This was due to both the progress of nuptial moulting in males and immigration of bright or spotted males. However, many dull males emigrated away from the study area by the end of January, which may further increase the proportion of bright males in the breeding population. Only seven groups, less than one third of all groups, comprised dull males as presumable breeders. Two other dull males were attached to multi-male groups presumably as helpers (see Appendix 1). In this population, some dull males occupied the breeding status, while others became a helper.
In comparison, during November the sighting rate of banded individuals was lower in bright or spotted males than dull males. Previous observations suggest that some males start breeding in November (Y. Takaki unpublished data). Bright males actively seek EPCs (Karubian 2002 . It is likely that the lower sighting rate in banded bright or spotted males was due to an increase in reproductive activity and the frequent movement of males seeking EPCs among territories. Banded bright males may have left the study area in order to invade into the surrounding area and then returned after a brief excursion, which may result in low sighting rates of banded bright males. After December, the sighting rate decreased in both bright or spotted males and dull males and there was no significant di#erence between them. It is unknown why the sighting rate decreased, but the di#erence in the breeding behaviours between males may have become small owing to the progression of the breeding stage at most nests.
The habitat of the Red-backed Fairy-wren is fire prone. A fire prevents fairy-wrens from maintaining a long-lasting territory. In the dry season, particularly, fairy-wrens leave a territory and wander in a large flock. Such a seasonal change in the social organization may be adaptive in a fire prone habitat (Rowley & Russell 1997) . After a fire, fairy-wrens invade the vacated habitat from surrounding territories. The occurrence of new vacant habitats may facilitate the dispersal and separation of subordinate males from a multi-male group (Pruett-Jones & Lewis 1990 ῢῡῬΎ῍ QQῷQῷ̱Qῷ ̲̱῍ ῐ812ῌ8581 Q̱QQ QQ 6ῌ10ῌ1῎ QQQQ
